The first neutron fibre diffraction studies of an amyloid system are presented. The techniques used to prepare the large samples needed are described, as well as the procedures used to isotopically replace H 2 O in the sample by D 2 O. The results demonstrate the feasibility of this type of approach for the pursuit of novel structural analyses that will strongly complement X-ray fibre diffraction studies and probe aspects of amyloid structure that to date have remained obscure. The approach is demonstrated using an amyloid form of the peptide NSGAITIG, but is equally applicable for the study of other systems such as Alzheimer's A peptide.
Introduction
Amyloid and amyloid-type systems are being studied extensively because they are believed to be implicated in a wide variety of diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease, type 2 diabetes mellitus and a variety of transmissible spongiform encephalopathies (Pepys, 2001) . While extensive structural studies have been carried out on a variety of different amyloid forms (Kirschner et al., 1986; Serpell, 2000; Sunde et al., 1997; Dobson, 2001; Jaroniec et al., 2004; Wille et al., 2009; Inouye et al., 2010; Paravastu et al., 2009) , major questions remain about the amyloid deposits associated with these pathologies. Amyloids are typically characterized using Congo red staining, electron microscopy and X-ray fibre diffraction. Electron microscopy shows well defined filaments with diameters of approximately 100 Å and X-ray fibre diffraction work suggests that these consist of stacked -sheets with the hydrogen-bonded -strands aligned perpendicular to the filament axis (Makin & Serpell, 2005; Sachse et al., 2008; White et al., 2009 ). The quality of amyloid fibre diffraction data is usually poor in comparison with the high-quality crystalline or continuous fibre diffraction data used in the definitive analyses of other filamentous systems; the diffraction patterns often suffer from poor alignment and typically consist of complex mixtures of continuous and sampled diffraction. While this disorder is likely to be of importance in itself, it makes diffraction analysis difficult. Consequently, several rather different models for amyloid fibrils have been proposed (Jahn et al., 2010) . There is therefore a general feeling that aspects of the underlying motif of amyloid remain that are either absent from current models or at best poorly understood.
The strong interest in amyloid conformation has led to numerous studies of synthetic peptides that form similar filamentous crossconformations. The motivation for this has arisen in many cases from a desire to acquire better defined data that are more amenable to structure determination and in others from a specific biological context associated with the peptide sequences in question. For example, a seven-residue peptide from Sup35 has been studied in single crystals, yielding a structure in which the -sheets are arranged in pairs held together by a water-free 'steric zipper', with successive -strands linked by main-chain and side-chain hydrogen bonding (Nelson et al., 2005) . Sawaya and coworkers subsequently reported similar types of structures for other amyloid-forming sequences and noted an extensive range of structures that can be related to amyloid fibrils (Sawaya et al., 2007) . Another example is work that is being carried out on synthetic peptides with sequences derived from the shaft structure of adenovirus. This structure, which in its normal context is involved in docking between virus and host, exists as a highly stable triple -spiral (van Raaij et al., 1999) . It is believed to be held in this conformation by the C-terminal globular domain, which plays a 'registration' role; this role can also be played by a heterologous domain such as the fibritin 'foldon' (Papanikolopoulou, Teixeira et al., 2004) . However, outside the viral context and in the absence of any such registration signal a number of these peptides form amyloid fibrils (Papanikolopoulou et al., 2005; Kasotakis et al., 2009; Papanikolopoulou, Forge et al., 2004) .
The current work was designed to test the feasibility of using neutron fibre diffraction methods to probe aspects of amyloid structure that have proved impossible to study using X-rays and where valuable information may be available that could allow the various models to be evaluated in completely different ways. Of particular interest was the possible exploitation of H 2 O/D 2 O isotopic replacement in analysing the role of water. The use of neutron fibre diffraction in this way was pioneered in early studies of ordered water in polymeric DNA (Forsyth et al., 1989; Langan et al., 1992; Shotton et al., 1997) . The peptide used in this study was the eight-amino-acid sequence NSGAITIG, which contains the last loop-strand sequence of the adenovirus shaft structure.
Sample preparation
Samples were prepared by dissolving the NSGAITIG peptide to a concentration of 10 mg ml À1 in distilled water. Individual aligned fibres with diameters of approximately 50 mm were then drawn from the solution using methods that have been described previously (Papanikolopoulou et al., 2005) . These samples were screened for quality using X-ray diffraction. A large sample suitable for neutron diffraction was then constructed by mounting up to 150 fibres (corresponding to a total peptide mass of approximately 15 mg) in a parallel array that matched the diameter of the neutron beam. A photograph of the sample is shown in Fig. 1 . Depending on the nature of the subsequent neutron experiments, the sample was stored in either an H 2 O-or a D 2 O-humidified atmosphere prior to diffraction work. During data collection, purpose-designed humidity-control systems were used to control the water content of the sample environment. Similar techniques have been used to study structural transitions or to optimize sample crystallinity in fibrous samples Forsyth et al., 1986; Pope et al., 1998; McDonald et al., 2008) .
Neutron diffraction
Neutron fibre diffraction data were recorded using the D19 and D22 diffractometers at the Institut Laue-Langevin (ILL) for the high-and low-angle parts of the data collection, respectively. The details and scope of these instruments are described in general terms by Teixeira, Zaccai et al. (2008) , Forsyth, Mason et al. (2001) and Mason et al. (in preparation) . The new D19 diffractometer has been used in numerous neutron fibre diffraction studies of synthetic and biological polymers (Gardner et al., 2004; Nishiyama et al., 2008) , for a wide range of problems in structural chemistry (Ahrens et al., 2001; Broder et al., 2002) and, more recently, for neutron protein crystallography (Kovalevsky et al., 2010) . Dewhurst (2010) describes D22 in detail. For this study, D19 was used with a wavelength of 2.4 Å . D22 was used with a wavelength of 6 Å , a sample-to-detector distance of 2 m and a wavelength bandpass of 10% (Á/). For both sets of experiments the sample was mounted in a purpose-designed humidity chamber that allowed the relative humidity of the sample environment to be accurately controlled . More recently a 'humidity stream' system described by Sanchez-Weatherby et al. (2009) has been used to carry out studies of phase changes and structural transitions in macromolecular systems (Russi et al., 2011). 4. X-ray diffraction X-ray diffraction experiments were carried out on instruments ID14-1 (Wakatsuki et al., 1998) , using a wavelength of 0.933 Å , and ID02 (Narayanan et al., 2001) , using a wavelength of 0.992 Å , for the high-and low-angle parts of the data collection, respectively. The environment of the sample was maintained at a high level of relative humidity: in the case of ID02 this was achieved through the use of a purpose-designed equipment (analogous to that described in x3) and in the case of ID14-1 the system described by Sanchez-Weatherby et al. (2009) was used. out to investigate the reproducibility and reversibility of the isotopic replacement. For example, separate experimental sessions were arranged during which both H 2 O and D 2 O data sets were measured but where in one case the sample had been pre-equilibrated in H 2 O and where in the other this had occurred in D 2 O. Hence, it was possible to be clear about the degree of isotopic exchange and to establish the reproducibility and reversibility of the effect.
Results

Discussion
This study demonstrates the feasibility of using neutron fibre diffraction methods to study amyloid systems. The sample preparation approach allows good sample orientation to be established and permits H 2 O/D 2 O replacement by humidification. While the idea of using neutron diffraction to study amyloid fibres was suggested in the 1970s (D. Kirschner, personal communication), we believe that this is the first account of such a study. It has been made possible as a result of major developments that have occurred for the D19 and D22 instruments at the ILL.
The results show that H 2 O/D 2 O substitution has profound effects on the observed neutron data and that the changes are fully reproducible and reversible. During the course of this work it was possible to assess the degree to which replacement of H 2 O by D 2 O might itself cause structural change to the amyloid fibrils. This was performed by recording X-ray fibre diffraction patterns from equivalently humidified fibres in H 2 O and D 2 O. The diffraction patterns recorded were essentially identical, indicating that within the resolution limits of the data H 2 O/D 2 O replacement was closely isomorphous. It is, therefore, reasonable to assume that both data sets could be used directly in modelling the distribution of water and exchangeable hydrogen within the amyloid system. This approach extends the scope of fibre diffraction methods for the study of amyloids and can be expected to be important in evaluating the different models that have been proposed for amyloids, including the role of hydration. The remaining stages of data collection and processing will shortly be completed; these are focused on improving the statistics for the high-angle data collected on D19 and also on processing a detailed low-angle contrast series covering the range from pure H 2 O to pure D 2 O solvent in steps of 10%. Given that (as in the case of comparable X-ray patterns) most of the accessible data are equatorial, initial modelling will focus on hydration as seen in projection along the fibril axis. At low resolution, simple geometric models will be considered for the location of water relative to peptide in the overall structure. This analysis will be extended to higher resolution using the available D19 data, yielding information on the distribution of ordered solvent and labile hydrogen.
The are possible through the use of perdeuterated or selectively deuterated samples. For example, analogous neutron fibre work on hydrogenated and perdeuterated analogues of the Alzheimer's A peptide and synuclein has begun.
The exploitation of deuteration methods is now being applied extensively in neutron crystallography (Teixeira, Blakeley et al., 2008; Blakeley, Langan et al., 2008; Blakeley, Ruiz et al., 2008) , solution scattering (Laux et al., 2008; Vijayakrishnan et al., 2010; Callow et al., 2007) and dynamics (Jasnin et al., 2008) . Such studies have only become possible since the inception of the Deuteration Laboratory at the ILL (Forsyth, Myles et al., 2001) . Extensive opportunities exist for the application of these methods for the study of partially ordered systems; in the case of work on amyloids, they may be useful in understanding important aspects of structure and assembly.
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